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ABSTRACT 
Poly(L-lactide) is a bioabsorbable polymer with high stiffness and strength compared to the other 
commercially available bioabsorbable polymers. The properties of poly(L-lactide) can be 
improved by straining, causing deformation-mediated molecular orientation. Poly(L-lactide) tubes 
were biaxially strained above their Tg for improvement of their strength, in a two-step process 
(sequential straining).  Mechanical properties and crystal morphology were investigated as a 
function of processing strain rate and temperature. DSC revealed that a low processing strain rate 
allows molecular chain relaxation in the direction of strain and the crystallization is suppressed. 
Faster strain rates on the other hand suppress chain relaxation, and results in crystalline tubes. The 
mechanical properties are influenced by both processing strain rate and temperature. Low strain 
rates allow chain relaxation resulting in the lowest strength and stiffness, whereas a larger stiffness 
and strength is achieved by increasing in strain rate and temperature. Isotropic mechanical 
properties are only observed at high processing strain rates. 
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INTRODUCTION 
Poly(L-lactide) (PLLA) belongs to a group of semi-crystalline polymers that exhibits slow 
crystallization. PLLA is well known for being biocompatible and bioabsorbable for use in medical 
devices1-3 as well as being an environmentally friendly alternative to commodity polymers, 
currently used in the packaging industry4-6. Most of the semi-crystalline polymers, such as 
polypropylene and polyethylene terephthalate, can become oriented under deformation above the 
glass transition temperature (Tg) altering and improving the mechanical properties for a particular 
application7,8. PLLA has promising potential as a substitute for some petroleum based polymers. 
To widen the range of applications of PLLA improvement of the mechanical properties has been 
of high interest. The mechanical properties of PLLA can be improved through either axial or 
biaxial straining, which can induce oriented crystallization, chain orientation, fibrillary formation 
and cavitations8,10. The behavior of strained semi-crystalline polymers strongly depends on the 
strain temperature and strain rate11. Previous studies have examined the influence of the extent of 
straining, the strain rate and strain temperature, but have only measured the stress-strain behavior 
during the strain7,9,11-15. The mechanical behavior of a strained material as a function of processing 
strain rate (ϵሶ୮) or processing strain temperature (Tp) has not been reported. It is shown that an 
increase in strain rate induces a higher stiffness and yield stress, and crystallinity and induces 
orientation16 during straining. Furthermore, an increase in crystallinity and orientation  as a 
function of the extent of strain was also reported.  
Our previous work has shown that it is possible to induce approximately 30 % crystallinity upon 
biaxial straining of tubes, and further orient the amorphous domain and the secondary binding 
between strain-induced crystals. The process improved the mechanical properties as a function of 
extent of straining17. The induced crystallinity adds to the strength of the materials, whereas the 
amorphous domain adds to the flexibility18. High crystallinity causes the material to become brittle, 
and to avoid this, the straining temperature must be kept between Tg and the cold crystallization 
temperature (Tcc). By processing at temperatures closer to Tg than Tcc the equilibrium 
crystallization of PLLA is severely suppressed, and the strain-induced crystallinity will dominate.  
The objective of the present study was to determine the final mechanical and thermal behavior of 
sequential, biaxially strained PLLA tubes as a function of ϵሶ୮ and Tp.  The study shows how the 
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mechanical properties of PLLA can be further improved and how the crystallization can be 
suppressed.  
EXPERIMENTAL 
Materials 
PLLA 2003D pellets from NatureWorks LLC (Minnetonka, MN, USA) (~4.1 % D-isomer; 
molecular weight, 1.85 x 105 g/mol) were extruded at 194 °C into small tubes after which they 
were quenched well below Tg in a cooling medium at 15.5 °C for 14.5 s, leaving the tube with low 
crystallinity (~1%). The extruded tubes have an outer diameter of 3.4 mm and an inner diameter 
of 1.7 mm. The extruded tubes were heated to the processing temperature, Tp (73 °C, 85 °C or 93 
°C) followed by axially or biaxially straining. The chosen temperatures correspond to a 
temperature close to Tg, one intermediate temperature, and one close to Tcc. The tubes were axially 
strained by 100% at processing strain rates (ϵሶ୮ሻ	of 0.1, 0.2 or 2.1 s-1 followed by cooling. Some of 
these tubes were exposed to an additional transverse straining before cooling by injection of air 
(the sequential biaxial strain) as described by Løvdal et al 17.  
Specimen preparation 
Specimens for mechanical testing were cut from the tubes both circumferentially and axially along 
the tube with a width w = 5 mm and a length L = 18 mm. The cross-sectional area was determined 
as the average thickness times the width of the specimens.  
Mechanical testing 
Uniaxial tensile testing was performed according to ASTM D882 at a testing speed of 2.7 mm/min 
(testing strain rate, ϵሶ  = 0.15/min) on an Instron 5564. Tensile testing was performed for specimens 
taken in both the axial and circumferential direction and tubes were pulled to fracture. Stress (σ) 
is calculated as force over the initial cross sectional area (A0) (σ ൌ ୊୅బ) and strain (ε) is the 
difference in length over the initial length (ϵ ൌ ∆୐୐బ). From the stress-strain curves, elastic modulus 
(E) was determined in the interval of 20-40 MPa and yield stress (σy) was determined as the local 
maximum. Statistically significant differences were defined at a confidence level of 5 %. 
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Differential scanning calorimetry (DSC) 
A differential scanning calorimeter (NETZSCH DSC 200 F3 Maia) was used to determine the 
thermal properties using NETZSCH Proteus Analysis software v 6.1. Samples (5-10 mg) were 
heated (10 °C/min) from 0 °C to 200 °C and a nitrogen atmosphere was obtained by flow of 50 
ml/min. The Tg was found as the midline between onset and offset of the transition. The degree of 
crystallinity (Xc) was calculated from the measured enthalpy induced by melting (ΔHm) minus the 
measured heat fusion induced by cold crystallization (ΔHc) relative to the enthalpy of fusion (ΔHo 
= 93 J/g)19 of a 100 % crystalline PLLA sample (Eq. 1). The reproducibility of identical samples 
is 0.06 % in crystallinity and the variation between positions of samples in the heating chamber is 
2 %17 
Xୡሺ%ሻ ൌ ሺ∆ୌౣି∆ୌౙሻ∆ୌ° ∙ 100%		(Eq. 1) 
Wide angle X-ray scattering (WAXS) 
WAXS was used to determine the crystalline texture using a custom made 2D diffraction setup 
equipped with a rotating anode Cu Kα X-ray source, monochromatized and focused by 1D 
multilayer optics (λ = 1.5418 Å). It was operated at 50 kV and 200 mA with a 123 mm distance 
between detector and sample for exposures of 30 min. The sample was cut in half and placed with 
the axial direction vertical and perpendicular to the beam.  
The crystalline orientation of the lamellae in the straining direction was quantified using Herman’s 
orientation function (Eq.2) and a second-order orientation factor (Eq. 3)20. A Herman’s orientation 
factor (F2) of 1 corresponds to complete orientation. The scattering intensity is integrated as a 
function of angle 2θ and the azimuthal angle ϕ, where ϕ = 0° is defined as the position of the 
circumferential direction and the normal direction to the (200/110) plane in the interval of 
scattering vectors q = 1.13-1.24 Å-1 between 0-360°.  
fୌ ൌ 3〈cos
ଶϕ〉 െ 1
2 			ሺEq. 2ሻ 
where	〈cosଶ ϕ〉  is 
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〈cosଶ ϕ〉 ൌ ׬ Iሺϕሻcos
ଶϕ sinϕ	dϕ஠଴
׬ Iሺϕሻ sinϕ	dϕ஠଴
 
 
۴૛ ൌ െ૛ ∙ ܎۶  (Eq. 3) 
The mean crystal size (D(hkl)) (Eq. 4) was found in both circumferential direction (scattering vector 
q = 2.2-2.25 Å-1) and axial direction (scattering vector q = 1.13-1.24 Å-1) corresponding to the 
(018) and (110/200) planes, respectively, using Scherrer’s equation with the shape factor K = 0.911, 
the wavelength λ = 1.5418 Å and  β½, which is the width at half the maximum of the peak height 
at the particular Bragg diffraction angle, θ.  
      Dሺ୦୩୪ሻ ൌ ୏∙஛ஒ½ ୡ୭ୱ஘   (Eq. 4) 
 
RESULTS AND DISCUSSION 
Tensile testing 
As expected, the circumferential tensile behavior (Figure 1) differs from the axial (Figure 2)17 
When straining the circumferential test specimens above their yield point, a higher stress is 
required to further plastically deform the polymer (Figure 1), also known as strain-hardening. A 
ϵሶ୮ ൌ 2.1 s-1 at Tp = 93 °C gives the similar strain-hardening effect in the axial direction. It shows 
that strain-hardening phenomenon is present in both the circumferential and axial direction, if the 
ϵሶ୮ and Tp is high.  
The axial stress-strain curve is higher for ϵሶ୮ ൌ	2.1 s-1 at Tp = 73 °C (Figure 2a) than for the lower 
ϵሶ୮, which shows that the higher ϵሶ୮ the more orientation can be achieved at this temperature. The 
trend is also seen at Tp = 93 °C, but at Tp = 85 °C a low ϵሶ୮ induces the highest strength. In the 
circumferential direction, the highest stiffness and strength is detected at an intermediate ϵሶ୮ ൌ	0.2 
s-1.  
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FIGURE 1 Nominal stress-strain curves for sequential, biaxially strained tubes in the 
circumferential direction processed at 3 different strain rates, ߳ሶ௣	0.1, 0.2 and 2.1 s-1) and 
temperatures, Tp (73, 85 and 93 °C). Each color represents one set of specimens, processed under 
identical conditions.   
 
 
FIGURE 2 Nominal stress-strain curves for sequential, biaxially strained tubes in the axial 
direction processed at 3 different strain rates, ߳ሶ௣ (0.1, 0.2 and 2.1 s-1) and temperatures, Tp (73, 85 
and 93 °C). Each color represents one set of specimens, processed under identical conditions.   
Figure 1 also shows that the higher the Tp, the longer the elongation at break (ϵୠ). As the ϵୠ is 
often associated with cracks or imperfections within the polymer, the higher the Tp the fewer 
imperfections within the polymer. The increased Tp allows more mobility of the chains within the 
material during straining and results in fewer cracks and ultimately a longer ϵୠ.  
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FIGURE 3 Elastic modulus (E20-40) and yield stress (σy) of PLLA tubes obtained from tensile 
testing in both circumferential and axial directions as a function of processing temperature. Each 
value represents the average value along with the standard deviation.  
Tubes strained at a low rate,  ϵሶ୮ ൌ	0.1s-1 showed the smallest elastic modulus in the both the 
circumferential as well as the axial direction at all strain temperatures (Figure 3a). Such a low 
strain rate is thus not ideal for optimization of stiffness and strength. Increasing the ϵሶ୮ results in a 
larger stiffness in both axial and circumferential directions which indicates that the molecular 
chains are more oriented. The results are less conclusive for the yield strength, where no apparent 
trend between processing strain and temperature is identified. Anisotropy is detected between the 
two directions at low ϵሶ୮ ൌ 0.1 s-1 and 0.2 s-1. As previously shown, the axial strain of 100 % at a 
ϵሶ୮= 2.1 s-1, induces a large degree of orientation and 34 % crystallinity17. Exposing such strained 
tube to a large extent of transverse strain in this study induces the material with isotropy regardless 
of Tp and the same stiffness and strength within the material as seen in Figure 3f. The strain in the 
radial direction is four times higher and enough to create orientation in the circumferential 
direction. The initial orientation obtained in the axial direction is therefore not completely 
obliterated during the transverse strain as predicted by Ou et al21. An isotropic material in terms of 
elastic modulus and yield strength is only seen at a high strain rate (ϵሶ୮= 2.1 s-1). 
9 
 
The supplier (NatureWorks) has done sheet extrusion at 190 °C of the same material, which leads 
to an elastic modulus of 3.5 GPa, εb of 6 % and a yield strength of 60 MPa. The properties of the 
sheet are similar to what was obtained in the circumferential direction for a tube sequential 
biaxially strained at Tp = 73 °C but at a low ϵሶ୮ (Figure 3c and f). The highest elastic modulus and 
yield strength for biaxially strained tubes in this study is found at T=93 °C for ϵሶ୮ ൌ	0.2 s-1 (Figure 
3b) in the circumferential direction (5GPa). The same relation does not hold for the axial direction, 
where the greatest modulus is seen at Tp = 93 °C for ϵሶ୮ ൌ	2.1 s-1. For ϵሶ୮ ൌ		0.1 s-1 or ϵሶ୮ ൌ	0.2 s-1 
both axial and circumferential moduli are unaffected by temperature, showing the same degree of 
anisotropy (Figure 3a and b) as a function of Tp.  
Thermal analysis 
The mechanical behavior of a polymer is related to the morphology of the material9. The 
crystallinity and Tg obtained at each Tp and ϵሶ୮ for axially or sequential, biaxially strained tubes are 
summarized in Table 1 and 2. As stated previously, the induced crystallinity depends on the 
straining temperature, the rate and the extent of strain. It is known that an axial strain of less than 
100 % does not induce any crystallinity22 which is also true for these particular PLLA tubes. 
However from this study it was seen that in order to induce crystallinity, the ϵሶ୮ must be higher 
than ϵሶ୮ ൌ	0.2 s-1 and the temperature must be Tp = 73 °C or lower (Figure 4a). The same 
phenomenon is seen for polyethylene terephthalate when reducing the ϵሶ୮, where a slower 
crystallization rate is detected, which causes a late crystallization during the first axial strain23. The 
slow ϵሶ୮ does not allow the chains to be strained fast enough to trigger crystallization. Therefore a 
ϵሶ୮ ൌ 0.1 s-1 or ϵሶ୮ ൌ 0.2 s-1 at any of the three given temperatures will either provide the molecular 
chains enough time to relax after axial strain or the ϵሶ୮ may be too slow for the chains to become 
oriented before the sequential biaxial strain is applied. 
TABLE 1 Degree of crystallinity (Xc) for tubes either sequential biaxially, strained or axially 
strained at temperature Tp and different processing strain rates ϵሶ୮ 
Biaxial strain     
  Xc (%)  Xc (%)  Xc (%)  
ϵሶ୮ 
 2.1 s-1 0.2 s-1 0.1 s-1 
 TP (°C)    
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TABLE 2 Tg for tubes either sequential, biaxially strained or axially strained at temperature Tp and 
different processing strain rates ϵሶ୮ 
Biaxial strain     
   Tg (°C)  Tg (°C)  Tg (°C)  
ϵሶ୮ 
 2.1 s-1 0.2 s-1 0.1 s-1 
 Tp (°C)     73 63 64 64  85 63 64 64  93 63 64 63 
Axial strain     
ϵሶ୮ 
 2.1 s-1 0.2 s-1 0.1 s-1  73 62 61 62  85 60 61 62  93 59 60 59 
 
FIGURE 4 The degree of crystallinity (Xc) and Tg from DSC for axial and sequential biaxially 
strained tubes as a function of strain temperature and rate. Number of samples n = 1 
 73 32 31 31  85 31 34 30  93 31 29 30 
Axial strain     
ϵሶ୮ 
 2.1 s-1 0.2 s-1 0.1 s-1  73 33 1 -  85 2 - -  93 0 1 0 
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Overall little difference in crystallinity overall was detected for biaxially strained tubes regardless 
of ϵሶ୮ or Tp. The final crystallinity of the biaxially strained tube is unaffected by the initial 
crystallinity obtained during the axial strain. It is natural to think that a low degree of crystallinity 
as seen for Tp > 73 °C and ϵሶ୮< 2.1 s-1 obtained during axial straining would induce less resistance 
to a transverse strain, thus a higher degree of chain orientation and crystallinity could therefore be 
obtained in the circumferential direction, but this is not the case. An axial strain at Tp = 73 °C and 
ϵሶ୮ ൌ	2.1 s-1 induces 34 % crystallinity in the polymer, yet the transverse strain applied to such 
axially strained tubes does not increase the crystallinity further.  
A decreasing trend in Tg is seen for the axially strained tubes as a function of Tp (Figure 4b), which 
is not detected for the biaxially strained tubes. The Tg for biaxially strained tubes is in general 
higher (Figure 4b), which means that the sequential biaxial strain results in tubes with more 
oriented chains, and more energy is needed to mobilize the chains further.  
Previously Wu et al24 showed that the higher the ϵሶ୮, the larger the Tg, at least for higher strain 
temperatures (Tp = 100 °C). They also showed a slight decrease in crystallinity with increased ϵሶ୮. 
This is true for most sequential biaxially strained tubes in this study. In terms of mechanical 
behavior, Wu et al24 also showed no change in stress-strain curves at Tp = 90 °C, despite a change 
in ϵሶ୮, which is not true for sequential biaxially strained tubes in this study. In this study increasing 
the Tp at a higher strain rate, reduces the elongation at break (ϵୠ). This would normally be attributed 
to less mobility in the material if stretched at low temperatures or somewhat more rigid due to a 
higher degree of crystallinity. This is not the case for sequential biaxially strained tubes as the 
crystallinity for a ϵሶ୮ ൌ	2.1 s-1 remains constant and the shorter ϵୠ is most likely related to a higher 
degree of cavitations or microvoids formed during the transverse strain.  
Crystal orientation and crystal sizes 
It has previously been shown that a sequential biaxial strain induces a low crystal orientation factor 
(F2) of approximately 0.3 at Tp = 73 °C and a ϵሶ୮ ൌ	2.1 s-1 18. In this study, we observed that the 
crystal orientation is further diminished, as a function of strain temperature from F2 = 0.3 to F2 = 
0.1. Furthermore reducing the ϵሶ୮ ൌ 2.1 s-1 to ϵሶ୮ ൌ 0.1 s-1 reduces the orientation factor as well (F2 
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= 0.03) (see Figure 5). When ϵሶ୮ is large compared to the chain relaxation rate the crystallization 
is delayed. When ϵሶ୮ is small compared to the chain relaxation rate the chain relaxes and no crystal 
orientation occurs, which was also detected at a ϵሶ୮ ൌ	0.1 s-1 at Tp = 93 °C (Figure 5c). The isotropic 
rings corresponding to equilibrium crystallization on the WAXS images (Figure 5a and b) are more 
predominant relative to textured diffraction peaks at higher strain temperatures. The phenomenon 
is normally seen for isothermal equilibrium crystallization8, as opposed to the more oriented plane 
reflection in (200/110) after straining (see Figure 5c). Zhang et al10 showed that the higher the 
strain temperature, the more orientation is seen for the (200/110) plane. This is not detected when 
increasing strain temperature from Tp = 73 °C to Tp = 93 °C. When increasing the Tp for a biaxial 
strain, the crystal size in the axial direction decreases from 129 Å to 116 Å and the crystal size 
circumferentially decreased from 60 Å to 21 Å. Despite the temperature increase the crystallinity 
is approximately the same after straining, and if no crystals are formed during the axial strain at 
higher temperatures, it allows smaller crystals to be formed as the transverse strain is applied. An 
increase from ϵሶ୮ ൌ	0.1 s-1 to ϵሶ୮ ൌ	2.1 s-1 results in an axial crystal size increase from 118 Å to 
129 Å and a circumferential size decrease from 65 Å to 60 Å. It is not known if the crystal size 
can be attributed to the difference in mechanical properties for each ϵሶ୮.  
 
FIGURE 5 WAXS images of sequential, biaxially strained tubes after a ૓ሶ ܘ ൌ 0.1 s-1(a) and 2.1 s-1 
(b) at 93 °C and 2.1 s-1 at 73 °C (c).  
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FIGURE 6 WAXS intensity plot as a function of scattering angle (2θ) and the corresponding 
crystal planes for sequential biaxially strained tubes at strain temperatures 73 °C or 93 °C and ϵሶ୮ ൌ
	0.1 s-1 or ϵሶ୮ ൌ	2.1 s-1. Intensity for ϵሶ୮ ൌ	0.1 s-1 or ϵሶ୮ ൌ	2.1 s-1  strain at Tp = 93 °C is scaled by a 
factor of 7 and 8, respectively.  
 
The WAXS intensity plot for Tp = 73 °C at ϵሶ୮ ൌ 2.1 s-1 in Figure 6 shows a formation of α’ crystals 
with peaks at 2θ = 15.1, 17.3, 22.8, and 30.4 corresponding to the lattice planes (200/110), (203), 
(206) and (018), respectively. When the temperature is increased to Tp = 93 °C, the peaks are 
shifted right, indicating a decrease in interplanar spacing which means that the crystals are packed 
more closely and the material would be stiffer25. However, these findings cannot not explain the 
mechanical behavior of the tubes and it is inferred that the crystal packaging does not affect the 
mechanical performance of the tubes.  
It is thus seen that the enhancement of mechanical stiffness and strength for PLLA must be very 
sensitive to both the processing strain rate and the processing temperature. Both circumferential 
and axial stiffness and strength benefit from a high axial processing strain rate, as the molecular 
chains does not have enough time to relax during the axial strain. Additionally the process allows 
the material to become isotropic in terms of stiffness and yield strength as a result thereof.  
CONCLUSION 
14 
 
Straining PLLA either through an axial or biaxial strain has proven to alter the crystal orientation 
and chain orientation, and possibly cause formation of fibrils and the appearance of cavitations, 
which improves the strength and stiffness significantly. Both increasing strain rate and temperature 
improve the strength and stiffness and orient the crystals. In this study, sequential biaxially strained 
PLLA tubes were processed at different temperatures and strain rates, and it was seen that PLLA 
must be processed above Tg but below 85 °C to ensure the formation of crystals. The initial axial 
strain-induced crystallinity is suppressed at higher processing strain temperatures (Tp = 85 °C and 
Tp = 93 °C). It is favorable to increase strain temperature to at least Tp = 85 °C and choose a lower 
strain rate by increasing chain relaxation, suppressing chain orientation process as well as strain-
induced crystallinity. At lower strain rates chain relaxation occurs and orientation of the 
amorphous chains during the axial strain is not realized. Lower strain rates would therefore induce 
a larger elastic modulus and yield strength circumferentially than axially, and the material appears 
anisotropic. Although it was possible to obtain an isotropic material at a processing strain rate of 
2.1 s-1, yet it did not yield the largest modulus or strength.  
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